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ARTICLE INFO ABSTRACT

Keywords: Firebrands can dramatically increase the hazards of wildland fires. While embers have been extensively studied,
Ash transmittance little is known about their temperatures. To address this an imaging ember pyrometer is developed here using an
EfniSSiVity inexpensive digital color camera. The camera response was calibrated with a blackbody furnace at 600-1200 °C.
Firebrand The embers were smoldering cylindrical maple rods, 6.4 mm in diameter and 2 cm long. Temperatures were
Smoldering . . . . . R

Temperature obtained from ratios of green/red pixel values and from grayscale pixel values. Ratio pyrometry is more accurate

when ember emissivity times ash transmittance is below unity, but grayscale pyrometry has signal-to-noise ratios
18 times as high. Thus a hybrid pyrometer was developed that has the advantages of both, providing a spatial
resolution of 17 pm, a signal-to-noise ratio of 530, and an estimated uncertainty of + 20 °C. The measured ember
temperatures were between 750 and 1070 °C with a mean of 930 °C. Comparing the ratio and grayscale tem-
peratures indicates the ember's mean emissivity times ash transmittance in the visible was 0.73. Temperatures
were also measured with fine bare-wire thermocouples, which were found to underpredict the ember's mean

Wildland fire

temperature by 230 °C owing to ember quenching and imperfect thermal contact.

1. Introduction

Wildland fires are a problem with global impact. They are re-
sponsible for increasing losses of lives and property, and increasing
costs of fire prevention and suppression [1,2]. Of particular concern are
fires in the wildland-urban interface [3].

Embers are smoldering fuels, and firebrands are airborne embers.
Firebrands can have a large impact on wildland fire spread [4,5] and
they often complicate firefighting [6]. Firebrands can be lofted several
km and still ignite spot fires. An improved understanding of firebrands
is crucial to protecting against wildland fires, e.g., by contributing to
improved fire codes and standards, improved vegetation management,
and improved computational fire models.

Extensive research has been conducted on embers and firebrands,
examining firebrand mass and morphology [7,8], generation [8-10],
transport [11-13], and viability to ignite spot fires [7,14,15]. Firebrand
behavior has been simulated using geometric scaling, analytical
models, and numerical models [10-13].

Much less is known about ember temperatures. This could be im-
peding fire safety because cool firebrands are not viable ignition sources
and may be incapable of self-sustained burning, whereas hot and small
firebrands have short burning durations. Measurements have been
performed with thermocouples [14,16], but these suffer from smolder
quenching and poor thermal contact.

Ember pyrometry has been performed with infrared (IR) imagers
and IR spot detectors. Temperatures of 190-946 °C have been reported
[4,6,14,17]. However, these diagnostics have several drawbacks: the
surface emissivity, ¢, and the transmittance of ash and/or smoke along
the line of sight, 7, must be known or estimated [4,14,16] and an iso-
thermal region of the ember must fill each pixel or the spot detector.
Compared to modern color cameras, IR imagers have high costs and low
pixel counts. For example, the IR imager used by Ref. [4] for ember
pyrometry (FLIR Model A8300sc) costs US$ 100,000 but has just 0.9
megapixels.

Consumer-grade color cameras have been used extensively to per-
form ratio pyrometry of soot [18-22]. More recently, this has been used
for surface pyrometry. Lu et al. [23] measured temperatures of embers
burning inside flow reactors with wall temperatures above 1000 °C.
Similar measurements were performed for burning coal particles
[24,25]. None of these studies considered self-sustaining combustion
like that of a firebrand. Ratio pyrometry has been applied to heated
materials at 500-1930 °C [26-28], but the materials were not flam-
mable. During the final round of reviews for this paper, two related
papers were published [29,30].

A nonintrusive and inexpensive ember pyrometer is developed here
using a color camera. By combining ratio and grayscale pyrometry, a
hybrid pyrometer is developed that incorporates the accuracy of ratio
pyrometry and the low noise of grayscale pyrometry. The
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measurements also yield the product ¢ 7 in the visible.

2. Experimental

The fuel was cylindrical maple rods, 6.4 mm in diameter (McMaster
Carr). These were cut 20 mm long and 3.2 mm axial holes were drilled
to promote burning. Maple rods were observed to burn more steadily
than oak or birch rods. Prior to ignition the rods were dried for 3 h in an
oven at 103 °C [31]. SiC yarn, 0.5 mm in diameter, was inserted into the
holes for mounting. No effect of ember cooling by the yarn was de-
tected. The rods were mounted horizontally. The terminal velocity of
such a rod (neglecting its hole) with its axis horizontal in air at 25 °C
and 1.01 bar is 12m/s [32].

For some tests a thermocouple was used. For this a circumferential
groove with a width of 0.5 mm was cut in the rod. A bare-wire K-type
thermocouple with a wire diameter of 125um was placed into the
groove. Tension was applied such that the bead remained in contact
with the rod. The thermocouple output was recorded at a sampling rate
of 2kHz. No corrections were made for thermocouple radiation or
conduction.

A 50 mm long laminar diffusion flame from a laminar butane dif-
fusion flame was used for ignition. The flame tip impinged on the
bottom of the rod, translated back and forth across its length for 8 s, and
was removed. Time zero was defined as the onset of flame impinge-
ment.

The ember supported flaming combustion until approximately 35s.
A fan above the camera was activated at 40s to promote uniform
smoldering on the ember surface. The fan discharge was at an angle of
30° below horizontal, producing an air velocity near the firebrand of
2.5m/s (determined with a handheld rotating vane anemometer.) At
approximately 70 s, the rod began to break up and fall from its mount.
Little or no smoke was observed. Small amounts of gray ash accumu-
lated on the ember and then fell away.

Imaging was performed with a Sony DSC-RX10 III cyber-shot digital
camera. This has a 1.3 X 0.9 cm Exmor RS stacked back-illuminated
complementary metal-oxide semiconductor (CMOS) sensor with 20.1
megapixels and a bit depth of 14 in each color plane. The lens was a
Zeiss Vario-Sonnar T* Lens, with variable zoom (8.8-220 mm) and f
(2.4-4). A Hoya 72 mm protector filter was attached to the lens to fa-
cilitate cleaning.

Although BG7 colored glass filters [22,33] or interference bandpass
filters [20,34] are common in soot pyrometry, no filters were used here
so the transient burning could be observed with the shortest exposure
times. For example, images of the blackbody furnace at 1000 °C with a
BG?7 filter required a factor of 60 increase in exposure time to obtain
comparable grayscale pixel values.

To avoid rolling shutter distortions only the mechanical shutter was
used. The white balance was daylight, but this had no effect because the
images were recorded in RAW format. The ISO (International
Organization for Standardization) range was 100-400, which for this
camera controls the electronic gain, rather than image postprocessing.

The RAW images were converted to 16 bit tiff images using dcraw
[35] with default settings except —4 and -T [20]. The tiff files were
opened in ImageJ. Rectangular regions were selected and for these the
pixel coordinates and the red, green, and blue pixel values (Iz, I, and
Ip) were exported. Saturation occurred at a pixel value of 65535. Dark
images were recorded at various shutter times to determine the dark-
current pixel values, Ipc, but these were small (below 50 in each color
plane) and had a negligible variation with shutter time.

Grayscale pixel values were defined as

Ies=Ur +Ic+1z) /3 (@]
and normalized pixel values were defined as
NI = (I - I;pc) f 2 / (£ 1SO) @)
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Fig. 1. Measured normalized pixel values of the blackbody furnace images. Also
shown is the blackbody spectral emissive power at 430 and 680 nm.

where f is f-number, i denotes R, G, B, or GS, and t is exposure time.

3. Camera calibration

The camera was calibrated with a blackbody furnace (Oriel 67032).
It has a maximum temperature of 1200 °C, a temperature accuracy
of + 0.2°C, an emissivity of ¢ = 0.99 + 0.01, and an aperture dia-
meter of 25 mm. A similar blackbody was found to have ¢ = 0.99 for
wavelengths between 0.5 and 4 um [36]. The lens was 1 cm away and
was focused on the aperture. Exposure times were adjusted such that
the highest pixel values (always red) were close to saturation but none
was saturated.

For each image a 200 x 200 pixel region centered on the middle of
the aperture was selected, this corresponding to about 5% of the
aperture. For this region, the mean normalized pixel values are plotted
with respect to blackbody temperature in Fig. 1. The normalization of
Eq. (2) is seen to collapse the measurements for various f, ISO, and t.
There is a 4-5 order of magnitude increase in NI as blackbody tem-
perature increases from 600 to 1200 °C. The red pixel values are the
highest, and those for green are higher than for blue except at low
temperatures. Additional tests (not included in Fig. 1) found these
correlations to be independent of both lens zoom and distance from the
blackbody.

The spectral emissive power of a blackbody is

Ep=C/{A[exp(Co/AT-11} ©)]

where C;, Cy, T, and A are, respectively, first and second radiation
constants (3.742 x 10~ '®*W-m? and 0.01439 m-K), temperature, and
wavelength. Quantity E, is plotted in Fig. 1 at 430 and 680 nm, which
are close to the peak sensitivities of similar cameras in the blue and red
planes [27,35,37]. Among the six curves in Fig. 1, five have similar
shapes. However, the NIy curve has a smaller slope owing to the be-
havior of the CMOS and/or its filter mask.

The NI correlations in Fig. 1 allow pyrometry on hot objects such as
smoldering embers. This can be ratio pyrometry, based on one or more
NI ratios, or grayscale pyrometry, based on Nlgs. Ratio pyrometry has
lower signal-to-noise ratios (SNRs). On the other hand, grayscale
pyrometry generally requires: blackbody behavior of the hot surface;
negligible radiative extinction from ash and smoke; and no temporal
drift or ambient temperature dependence in the camera.

For ratio pyrometry the three NI of Fig. 1 are converted to three
ratios as plotted in Fig. 2. These are smooth and monotonic with respect
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Fig. 2. Normalized pixel value ratios of the blackbody furnace images.

to temperature. A camera whose red, green, and blue planes had no
wavelength overlap would yield a monotonic increase in these ratios
with increasing temperature. Such monotonicity has been observed
before for some cameras [33,37], but not for others [23,28,38]. It is
seen in Fig. 2 only for G/R. Both ratios involving the blue color plane
decrease with temperature owing to the low slope of NIy evident in
Fig. 1.

The B/R curve in Fig. 2 is too flat for ratio pyrometry with rea-
sonable signal-to-noise ratios. B/G ratio pyrometry was found to yield
unacceptably high scatter because it omits the red pixels, which have
the highest pixel values and the highest signal-to-noise ratios. Thus,
only G/R is considered below for ratio pyrometry.

The variation in NI;/NIg in Fig. 2 varies by only a factor of 16,
indicating a decreased signal-to-noise ratio for ratio pyrometry as
compared to grayscale pyrometry using Fig. 1. Pyrometry performed on
the blackbody images indicated SNRs (the temperature mean divided
by standard deviation) of 30 and 530 for ratio and grayscale pyrometry,
respectively. These values vary by a factor of 18.

4. Ember pyrometry

Pyrometry was performed on smoldering embers. For this the
camera was mounted with its optical axis horizontal and perpendicular
to an ember. The front of the lens was 1 cm from the closest part of the
ember and the zoom setting was 11.5 mm. The focus was adjusted to be
clear across as much of the ember surface as possible.

An image of a smoldering ember without external illumination is
shown in Fig. 3a. This was recorded 40 s after ignition. The initial cross
section of the ember was a rectangle, but it deformed during burning.
The bottom of the ember is relatively dim owing to the downward fan
orientation. The top of the ember is mostly orange, but has many raised
black regions.

The image of Fig. 3b was recorded 6 s earlier with a lamp behind the
camera. This illumination changes the black regions to light gray, in-
dicating they are ash. This identification of ash was confirmed by
scratching ember surfaces with a small blade, whereby gray ash fell
away and the black regions became orange.

For ember pyrometry, images similar to Fig. 3a were recorded with
dimmer exposures such that the pixel values were as high as possible
without saturation at any pixel in any color plane. One such image is
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Fig. 3. Representative color images (1212 X 396 pixels) of a glowing ember (a)
with no external illumination; and (b) with a lamp behind the camera. For both
images ISO = 400, f = 2.8, and t = 1.56 ms. For improved visualization, some
pixels are saturated.
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Fig. 4. (a) Representative color image (1200 X 432 pixels) of a smoldering
ember at 50 s. For this image ISO = 200, f = 2.8, and t = 1.3 ms. Figure (b) is
the resulting color contour plot of ratio pyrometry temperatures. Figure (c) is
the resulting color contour plot of: grayscale pyrometry temperatures, hybrid
pyrometry temperatures, and visible emissivity times ash transmittance.

shown in Fig. 4a. The size of each pixel in the object plane is 17 pm. The
thermocouple (TC) is visible as the dark vertical band and its bead lo-
cation is indicated in Fig. 4.

For ratio pyrometry, NIg/NIz was found for each pixel in Fig. 4a.
These were converted to temperatures using the curve fit of Fig. 2, a 3rd
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order best-fit polynomial of T in terms of log(NIg/NIgz). A null tem-
perature was assigned to every pixel that was outside the ember, had a
green pixel value below 100, and/or was outside the range of
600-1200 °C. Owing to scatter, spatial smoothing was performed. For
this, each pixel was assigned the mean temperature of the unsmoothed
temperatures of the 7 X 7 pixel region centered on it. Pixels with a null
temperature were excluded from this mean. If more than 50% of these
49 pixels had null temperatures, the smoothed center pixel was as-
signed a null temperature.

Fig. 4b shows the ratio pyrometry results. The hottest regions cor-
respond to the orange regions in Fig. 4a. The coolest are near the ember
bottom, where air velocities are low. The ends of the embers are hot
owing to low heat conduction rates into the unburned wood. The black
regions surrounded by orange, identified above as ash, are cool because
the ash slows the transport of oxygen and products.

For grayscale pyrometry, Nlgs was found for each pixel in Fig. 4a.
These were converted to temperatures using the curve fit of Fig. 1, a
2nd order best-fit polynomial of T in terms of log(Nlss). A null tem-
perature was assigned to every pixel that was outside the ember or
within 6 pixels of the ember edge. No pixel within the ember was
outside the range of 600-1200 °C. No spatial smoothing was applied.
Fig. 4c, with its first legend line, shows the grayscale pyrometry results.
Compared to the ratio pyrometry results these temperatures are far less
scattered. This is despite 7 X 7 pixel spatial smoothing in the ratio
pyrometry and none in the grayscale pyrometry.

In Fig. 4b and c, grayscale pyrometry indicates lower temperatures
than ratio pyrometry at most locations. The ratio pyrometer is immune
from interference of nonunity emissivity times ash transmittance (¢ 7)
when ¢ 7 is the same for the R and G pixel wavelengths. The grayscale
pyrometer has no such immunity, as it interprets decreased GS pixel
values as decreased temperatures.

This behavior was investigated by comparing the mean tempera-
tures of 30 X 30 pixel regions that were nearly isothermal for both ratio
and grayscale pyrometry. Both ash-covered and ash-free regions were
included. Several embers were considered, with various air velocities,
and the results are plotted in Fig. 5. The grayscale pyrometry tem-
peratures are generally cooler, and this difference decreases with in-
creasing temperature. The measurements are well correlated with the
line fit shown.

This correlation allows the grayscale pyrometry temperatures, with
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Fig. 5. Grayscale pyrometry temperature and visible emissivity plotted with
respect to ratio pyrometry temperature for smoldering embers. For the 7 m/s
tests the ratio pyrometry correlation was extrapolated to 1300 °C.
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Fig. 6. PDF of the temperature of the ember of Fig. 4 using hybrid pyrometry.
The bin width was 1 °C.

their low noise, to be corrected upward to match the ratio pyrometry
results, with their resilience against nonunity ¢ 7. This correction yields
what is termed here hybrid pyrometry. From the correlation in Fig. 5,
the hybrid pyrometry temperature is

Thybrid = (TGS + 72.2 DC) / 1.06 (4)

For the ember of Fig. 4a, the hybrid pyrometry results are shown in
Fig. 4c using its second legend line.

Fig. 6 shows the probability density function (pdf) of the hybrid
temperatures of Fig. 4c. Its shape is similar to pdfs of smoldering coal
[25]. The mean temperature was 930 °C, and the standard deviation
was 52 °C. The minimum and maximum temperatures (excluding the 20
coolest and 20 hottest pixels) were 750 and 1070 °C.

5. Visible emissivity times ash transmittance

For a smoldering ember with emissivity ¢ and with emission passing
through ash and/or smoke with transmittance z, the resulting spectral
emissive power is

)

where E,; is given by Eq. (3) and where ¢ and 7 are evaluated at wa-
velength A. Assuming the product ¢ 7 is the same for the wavelengths
recorded by the R and G pixels, the temperature indicated by ratio
pyrometry, T,qi0, is the true temperature of the ember below the ash.
The temperature indicated by grayscale pyrometry, Tgs, predicated on
e =1 =1, is the temperature of a blackbody with the same spectral
emissive power for the wavelengths detected. Evaluating the right side
of Eq. (5) at T,q4, and the right side of Eq. (3) at Tgs and equating them
allows the product ¢ 7 to be determined from

E)L=£TE;‘1,

er=exp[-Co(Tas " = Traio )/ N1 6)

Because the red pixel values are the highest, Eq. (6) is evaluated
here at A = 680 nm. Equation (6), combined with the linear relation-
ship between Tgs and T4, in Fig. 5, allows ¢ 7 to be plotted with respect
to Traho in Fig. 5. The product & 7 increases with temperature. This is
consistent with emissivity measurements, which found it to increase
with metal temperature [26] and with ember burn time [23].

Equations (4) and (6) allow ¢ 7 to be estimated from Tpypng. This is
demonstrated in Fig. 4c using its third legend line. This ember has a
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mean ¢ 7 of 0.73. This is larger than the ember emissivity of 0.6 in the
infrared reported by Ref. [14], but a direct comparison is difficult be-
cause the wavelengths are different.

The transmittance in the visible of a thin layer of ash on these
embers can be estimated from this form of the Lambert-Beer Law,

t=exp (-k,pYL) @)

where k;, is the ash mass extinction coefficient, L is the ash layer
thickness, Y is the mass of ash per mass of wood burned, and p is the
virgin wood density. Reference [39] reports k, = 0.229 m?/g for coal
ash in the visible. The measured density of the maple rods is 746 kg/m>.
Quantity Y for wood is estimated from Table 1 of Ref. [40] to be 5.8E-3.
The ember images of Fig. 3 indicate an ash layer thickness of 0-0.3 mm.
Inserting these values into Eq. (7) predicts a range of 7 of 0.74-1. The
uncertainties on this estimate are large owing to uncertainties in k, and
L.

Although smoke was occasionally seen above the ember, none was
observed between the ember and the camera. Because both ash-free
regions, with unity 7, and ash-covered regions follow the same corre-
lation in Fig. 5, it is possible that the minimum 7 of 0.74 estimated
above is too low and that 7 is nearly unity for this ember.

6. Thermocouple results

The thermocouple temperatures for the test of Fig. 4 are plotted in
Fig. 7. When Fig. 4a was recorded the thermocouple temperature was
695 °C, which is 230 °C lower than the mean ember temperature de-
termined by pyrometry. This suggests that past measurements of ember
temperatures with thermocouples, with a reported range of 220-850 °C,
may have been biased downward by a similar amount [14,16].

Grayscale and hybrid pyrometry performed on the image of the
thermocouple bead indicated its temperature to be 757 and 781 °C,
respectively. These temperatures are higher owing to imperfect imaging
of the small bead. Hybrid pyrometry indicated a temperature of the
smolder region near the bead of 860 °C. Fig. 4b and c shows that the
thermocouple causes significant smolder quenching. Additionally, the
thermocouple bead is cooler than the adjacent ember owing to im-
perfect thermal contact.

Representative blackbody images were used to estimate the py-
rometer uncertainties. Pixels were chosen at random in the images, and
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their pixel values converted to T4, and Tgs. The means of these tem-
peratures were within 3 °C of the blackbody temperature. The absolute
value of the difference between these temperatures and the blackbody
temperature had means of 23 and 4 °C for T, and Tgs ratio, respec-
tively. Owing to less uniform temperatures and uncertainties in ¢ z, for
smoldering embers the uncertainty in Tysnq at any pixel is estimated
at + 20°C. A temperature difference of + 20 °C would result if ¢ 7
varies by = 7% between green and red at 900 °C. The estimated un-
certainty for ¢ 7 is + 10%.

It is expected that this pyrometer can be applied with similar un-
certainty to embers of other materials and shapes and/or in environ-
ments with different compositions and flowfields. The main limitations
are that the ember temperatures should be within the range of this
calibration (600-1200 °C), and, while ¢ 7 can vary with position, it
should not be significantly different for the wavelengths recorded by
the R and G pixels.

7. Conclusions

A digital color camera was used to perform pyrometry on smol-
dering wood embers. Calibration was with a blackbody furnace. The
major findings are as follows.

1. Ratio pyrometry is accurate when the product ¢ 7 is invariant across
the detected wavelengths. Grayscale pyrometry is accurate when ¢ 7
is unity, which is less common. The SNR for grayscale pyrometry is
18 times as high.

2. Grayscale pyrometry temperatures are lower and are linearly cor-
related with ratio pyrometry temperatures. This correlation allows
hybrid pyrometry, whereby the grayscale temperatures are cor-
rected upward to account for nonunity e 7. It also allows determi-
nations of ¢ 7.

3. The hybrid pyrometer had a spatial resolution of 17 um, a SNR of
530, and an estimated uncertainty of + 20 °C.

4. The measured ember temperatures were between 750 and 1070 °C
with a mean of 930 °C. Ash and smoke caused negligible attenua-
tion. The mean ¢ r was 0.73.

5. Even fine bare-wire thermocouples quench smolder reactions and
make imperfect thermal contact. For these tests the thermocouple
indicated a temperature 230 °C below the mean ember temperature.
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